In order for cells to divide in a proficient manner, they must first double their biomass, which is considered to be the main rate-limiting phase of cell proliferation. Cell growth requires an abundance of energy and biosynthetic precursors such as lipids and amino acids. Consequently, the energy and nutrient status of the cell is acutely monitored and carefully maintained. mTORC1 [mammalian (or mechanistic) target of rapamycin complex 1] is often considered to be the master regulator of cell growth that enhances cellular biomass through up-regulation of protein translation. In order for cells to control cellular homoeostasis during growth, there is close signalling interplay between mTORC1 and two other protein kinases, AMPK (AMPactivated protein kinase) and ULK1 (Unc-51-like kinase 1). This kinase triad collectively senses the energy and nutrient status of the cell and appropriately dictates whether the cell will actively favour energy-and aminoacid-consuming anabolic processes such as cellular growth, or energy-and amino-acid-generating catabolic processes such as autophagy. The present review discusses important feedback mechanisms between these three homoeostatic protein kinases that orchestrate cell growth and autophagy, with a particular focus on the mTORC1 component raptor (regulatory associated protein of mammalian target of rapamycin), as well as the autophagy-initiating kinase ULK1.
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of mTORC1 are sensitivity to rapamycin, as well as the interaction of mTOR with the unique scaffold protein raptor. Raptor is required for the interaction of accessory proteins such as PRAS40 (proline-rich Akt substrate of 40 kDa) [8] [9] [10] [11] and deptor (DEP domain-containing mTOR-interacting protein) [12] and has recently been uncovered as a critical regulatory component of mTORC1. Regulation occurs through phosphorylation of raptor at key residues which appear to be critical for mTORC1 activity. Phosphorylation sites of raptor identified so far generally lie within two distinct clusters, between the HEAT repeats and the WD40 repeat region [13, 14] . Although it is not yet clear how phosphorylation of each site individually modulates the activity of mTORC1, it appears that multiple raptor phosphorylation events allow fine-tuning of mTORC1 activity.
Raptor also defines the substrate specificity of mTORC1, where raptor recruits mTORC1 substrates and presents them to mTOR for their efficient phosphorylation [15] . It is known that mTORC1 substrate recognition by raptor involves TOS (mTORC1 signalling) motifs (five amino acids that follow the general composition F-E/D-M-D-I/L), which are found within well-established mTORC1 substrates such as S6K1 (ribosomal protein S6 kinase 1) and 4E-BP1 (eukaryotic initiation factor 4E-binding protein 1) [16] . However, it is also apparent that some mTORC1 substrates do not possess a conserved TOS motif. One good example of an atypical mTORC1 substrate lacking a TOS motif is ULK1 (Unc-51-like kinase 1), which is known to interact with raptor and is phosphorylated by mTORC1 [17, 18] .
ULK1 is an initiator of the autophagy cascade
In contrast with mTORC1, autophagy is active under conditions of energy and nutrient deprivation. Autophagy functions to degrade and recycle damaged and redundant organelles and macromolecules in order to provide a source of molecular building blocks and energy to allow cellular survival under stress conditions. Historically, it was known that autophagy was switched off when mTORC1 was active and that inhibition of mTORC1 was a potent autophagy inducer. More recently, it was uncovered in Drosophila that ATG (autophagy-related) 1 (an ULK1 homologue) could inhibit cell growth and negatively regulate dS6K (Drosophila ribosomal protein S6 kinase) [19, 20] . Clearly, tight management of cell growth and autophagy is essential for a proper cellular response to energy and nutrient status. Recent research has brought to light the intricate signalling interplay between these two processes.
Autophagy is regulated by the co-ordinated action of multiple ATG proteins which were first identified in yeast screens (summarized in [21] ). In mammals, two protein complexes, namely the ULK1-Atg13-FIP200 (200 kDa focal adhesion kinase family-interacting protein) complex and the Beclin-Vps34 complex, function jointly to produce the phagophore membrane, the initial phase of autophagosome formation. This is then elongated through the action of the Atg12-Atg5-Atg16L complex (reviewed in [22] ). The present review focuses solely on the ULK1 complex as a point of autophagy regulation.
ULK1 was identified as the mammalian homologue of yeast Atg1 [23] . Several groups revealed that ULK1 functions in a complex with Atg13, FIP200 and Atg101 [17, 18, 24, 25] and acts as the most upstream component of the mammalian autophagy pathway [26] . It is not yet fully understood how ULK1 is modulated in response to environmental cues, but phosphorylation of ULK1 appears to play an essential role.
It is known that ULK1 can be phosphorylated at multiple sites, with 16 phosphorylated residues initially described in mouse ULK1 [27] . Phosphorylated residues have been detected across the whole length of the protein [27] , but only some of the kinases responsible have been identified to date. Furthermore, ULK1 autophosphorylation appears to be necessary for the stability and enhanced activity of ULK1, with Ser 1047 at the extreme C-terminal end of mouse ULK1 being hypothesized as a main autophosphorylation site [27] . The equivalent residue in human ULK1 is Thr 1046 and subsequent numbering in the present review refers to human ULK1.
Signalling cross-talk between mTORC1 and ULK1
As two directly opposing processes, cell growth and autophagy need to be inversely regulated depending on cellular energy and nutrient status. Studies in yeast indicated that TOR (target of rapamycin) was an upstream kinase of Atg1, and TOR phosphorylation of the Atg1 complex component Atg13 reduced the affinity of Atg13 for Atg1, leading to a down-regulation of autophagy [28] . Several studies published simultaneously illustrated that the equivalent mammalian ULK1-Atg13-FIP200 complex was also negatively regulated by mTORC1 in an analogous manner [17, 18, 24] . In mammalian cells, amino acid starvation or rapamycin treatment causes dephosphorylation of both Atg13 and ULK1, indicating that an mTORC1 input regulates the ULK1-Atg13-FIP200 complex [17, 18, 24] . Interestingly, raptor was found to interact with the ULK1 complex only under nutrient-rich conditions [17] and further analysis revealed that mTORC1 could phosphorylate Atg13 and ULK1 directly in vitro [17, 18] . In contrast with yeast, modulation of mTORC1 does not alter the affinity of ULK1 and Atg13 in the mammalian system [17, 18] . Instead, mTORC1 modulates the kinase activity of ULK1 directly, with rapamycin treatment of cells leading to enhanced ULK1 kinase activity, whereas Rheb overexpression causes a decrease in ULK1 kinase activity [18] .
Although the signalling mechanism was not uncovered, studies in Drosophila implied that autophagy, through ATG1, could reciprocally inhibit TOR [19, 20] . Recently, we and others reported that this signalling feedback to mTORC1 occurs predominantly through ULK1 interaction with raptor and ULK1-mediated raptor phosphorylation [29, 30] [29] . Furthermore, the use of a kinase-dead form of ULK1 revealed that partial inhibition of mTORC1 substrate binding is likely to be due to steric hindrance from ULK1-raptor binding, which suggests that substrate and ULK1 binding to raptor are mutually exclusive [29] . Substrate binding was impaired further by ULK1 phosphorylation of raptor [29] . Furthermore, ULK1 could potently antagonize Rheb-mediated activation of mTORC1. For instance, raptor phosphorylation by ULK1 was sufficient to completely block Rheb-induced mTORC1 activity in cells as well as mTORC1 kinase activity in vitro [29] . Although ULK1 did not appear to affect protein interactions between the core components of mTORC1 under normal growth conditions [29] , ULK1 phosphorylation of raptor was reported to impair mTORC1 integrity under insulin stimulation [30] . It has not been proved definitively that ULK1 inhibition of mTORC1 depends exclusively on raptor phosphorylation (although raptor appears to be the main substrate of ULK1 within the core components of mTORC1). Given the tight relationship between both mTORC1 and ULK1, it is very probable that other unknown phosphorylation events that fine-tune either pathway still need to be uncovered.
Energy sensing through AMPK (AMP-activated protein kinase) governs both mTORC1 and ULK1 signalling
An additional level of cross-talk between mTORC1 and ULK1 is provided by AMPK signalling which responds to cellular energy status. When cells become energydeprived, AMPK efficiently turns off the energy-consuming mTORC1 pathway, which allows the recovery of cellular energy supplies. AMPK inhibits mTORC1 through two means: first, through phosphorylation of TSC2 to activate its GAP (GTPase-activating protein) activity that converts Rheb into an inactive GDP-bound state, thus switching off mitogenic stimulation of mTORC1 [31] , and, secondly, through phosphorylation of raptor at Ser 722 and Ser 792 , which leads to 14-3-3 protein binding and mTORC1 inhibition [32] . Interestingly, MARK4 (microtubule affinityregulating kinase 4, a member of the AMPK subfamily) also phosphorylates raptor at Ser 792 , which results in dissociation of the Rag complex from raptor, thus blocking mTORC1 activity at the level of lysosomes [33] .
Under energy deprivation, AMPK positively regulates ULK1 to induce autophagy, with various studies revealing that AMPK binds to and phosphorylates ULK1 [34] [35] [36] [37] [38] . AMPK is reported to phosphorylate ULK1 on multiple residues, with different groups identifying alternative phosphorylation sites upon AMPK activation. It was reported that four ULK1 phosphorylation sites (Ser 467 , Ser 556 , Thr 575 and Ser 638 ) matched the consensus AMPK phosphorylation motif, and mutation of these sites mimicked complete loss of ULK1, with cells exhibiting defective autophagy and increased cell death upon nutrient deprivation [35] . Another study uncovered two additional AMPK phosphorylation sites on ULK1 [Ser 317 and mouse Ser 777 (not conserved in humans)], where, again, their mutation prevented a proper autophagic response to glucose starvation and also could not protect ULK1-deficient cells from starvation-induced apoptosis [36] . Ser 556 was also identified as a 14-3-3-binding site, and the ULK1-14-3-3 interaction was enhanced upon starvation or by using a chemical stimulator of AMPK, which indicates a role for AMPK in mediating this 14-3-3 binding through ULK1 phosphorylation [38] . As mutation of Ser 556 alone only reduces AMPK-mediated ULK1 phosphorylation by approximately 25 % [38] , and a Ser 317 /Ser 777 double mutation also does not completely prevent in vitro AMPK-mediated ULK1 phosphorylation [36] , there are clearly multiple AMPK-directed phosphorylation sites in ULK1. In addition, different phosphorylation statuses have been reported for the same site. In contrast with the findings by Egan et al. [35] , another study found that Ser 638 is dephosphorylated under starvation conditions, which contradicts its function as an AMPK-directed phosphorylation site [37] . Withdrawal of calcium from the medium played a contributory role in dephosphorylation of Ser 638 , and the authors concluded that both mTORC1 and AMPK are implicated in phosphorylating this site [37] . Clearly, there are some discrepancies between these studies with regard to the AMPK phosphorylation sites within ULK1, but, collectively, this work reveals that AMPK can induce ULK1 activity.
Using predictive structural modelling, it was hypothesized that AMPK phosphorylation of ULK1 may convert an otherwise intrinsically disordered serine/proline-rich domain into a more structured region, thus causing a conformational change that allows a different set of protein-protein interactions [39] . However, it is clear that further experimentation will be required to clarify the relative importance of each phosphorylation site and whether proteins other than 14-3-3 bind to the differentially phosphorylated ULK1.
Three-way signalling within this kinase triad to fine-tune the energy/nutrient response
Whereas mTORC1 and ULK1 function as opposing signalling nodes depending on nutrient status, AMPK administrates signalling through both mTORC1 and ULK1 depending on energy status. To add another degree of regulation, ULK1 can negatively feedback to AMPK under starvation conditions, phosphorylating all three AMPK subunits to reduce AMPK activation [40] , suggesting that signalling through AMPK/ULK1 cannot be sustained for long periods. The existence of such a transient feedback mechanism implies that the AMPK, ULK1 and mTORC1 signalling nodes have the capacity to reset to their default settings. Such an overall concept is logical for a cell, given that a cell would not want to constitutively inhibit or activate either mTORC1 or ULK1 signalling for too long. This signalling cross-talk between the mTORC1, AMPK and ULK1 kinase triad central to the control of energy and nutrient homoeostasis is summarized in Figure 1 .
As more recent studies have elucidated the mTORC1-mediated phosphorylation site of ULK1, the minutiae of this AMPK-ULK1-mTORC1 cross-talk has been revealed. mTORC1 phosphorylates Ser 758 of ULK1 [36, 37, 41] , with this phosphorylation event being activated by Rheb and inhibited by rapamycin [36] . Phosphorylation of this site by mTORC1 regulates the ULK1-AMPK interaction, although two different groups have reported opposite findings. Kim et al. [36] found that rapamycin treatment strengthened the ULK1-AMPK interaction compared with nutrient rich conditions. This suggests that when nutrients are plentiful, ULK1 is phosphorylated by mTORC1, thus preventing its association with and activation by AMPK, thereby turning off autophagy [36] . In contrast, Shang et al. [37] reported AMPK-ULK1 association only under nutrient-rich conditions. Cells expressing the S758A mutant of ULK1 had an impaired AMPK-ULK1 interaction and exhibited more autophagy [37] . They hypothesized that dephosphorylation of Ser 758 under starvation leads to dissociation of AMPK and ULK1, allowing ULK1 to be more active in autophagy induction [37] . This second hypothesis is supported by independent work showing that starvation and AMPK activation [via AICAR (5-amino-4-imidazolecarboxamide riboside)] cause ULK1-AMPK dissociation in muscle cells [42] . A summary of the phosphorylation sites influenced by cross-talk between AMPK, ULK1 and mTORC1 is shown in Table 1 .
Summary
Signalling interplay between cell growth, autophagy and energy status is a fundamental homoeostatic process, and is co-ordinated by AMPK, mTORC1 and ULK1. With our current understanding of this pathway, ULK1 appears to be only transiently activated by AMPK before ULK1 is reset to a basal state (via ULK1 inhibition of AMPK). Cellular energy and nutrient status will dictate whether mTORC1 takes over and drives cell growth or conversely whether AMPK becomes active once again to drive consecutive waves of autophagy thorough ULK1. Such an undulating pattern (or pulses) of AMPK-induced autophagy though ULK1 is an appealing concept, where the dynamic and coordinated action of this mTORC1-AMPK-ULK1 triad will result in finely tuned spikes of either autophagy activity or cellular growth. Given the apparent complexity, we will undoubtedly see identification of further phosphorylation events and additional levels of regulation between these signalling pathways in future research. 
